In the two parasitoid wasps, Diadromus collaris and Eupelmus orientalis, the satellite DNAs were each found to consist wholly or largely of a single family (5%-7% of the genome).
Introduction
Satellite DNAs were originally separated from the bulk of DNA by isopycnic centrifugation (for review, see Beridze 1986, pp. 3-26). More recently, tandem repeat sequences, usually < 1,000 bp long and with > 10 5 copies/ haploid genome, have been included under the term "satellite DNA." These sequences are generally concentrated in substantial blocks at the centromere and telomere regions of a chromosome and form the principal component of heterochromatin.
The proportion of the genome composed of satellite DNAs may vary widely between species (from 0% to >66%), as may the number of satellite-DNA families (Correido-Stones and Lee 1976; Beridze 1986; Willard and Waye 1987; Davies and Wyatt 1989; Sainz and Cornudella 1990) . During the evolution of a genome, satellite-DNA turnover may occur by sequence amplification, unequal crossing-over, point mutation, and gene conversion. These turnover processes start at the centromeres, where a new satellite-DNA family appears and then moves to the telomeres, where it degenerates and disappears (Walker 197 1; MacGregor and Sessions 1986) . The nucleotide changes and rearrangements do not seem to occur randomly during the "life" of the satellite DNA. Consequently, the different parts of the repeat unit are more or less conserved (Miklos 1982) ) and, in some cases, C-to-T and G-to-A transitions seem to be more frequent than the reverse transitions, so that the satellite DNA tends to become AT enriched (Ugarkovic et al. 1989 ). Moreover, some small DNA insertions with no evident advantageous features may appear in one satellite-DNA unit and extend to become conserved in all satellite-DNA families (Roizes and Pages 1982; Bigot et al. 1990) .
Satellite DNA has no proved function, although several hypotheses have been proposed. The two most often cited are ( 1) the hypothesis of condensation of centromeric heterochromatin and heterochromatin at metaphase and (2) the hypothesis of chromosome pairing and segregation (Beridze 1986) . At the evolutionary level, it has been proposed that the putative functions and turnover of satellite DNA could affect the genome structure and the evolution of the organism (Rose and Doolittle 1983) .
The genomic organization of two parasitic wasps, Diadromus pulchellus and Eupelmus vuilleti (Hymenoptera), has been analyzed by reassociation kinetics (Bigot 1989; Bigot et al. 199 1) . Cot curves revealed a highly repetitive DNA component in both species. These components account for 15%-25% of the genome and correspond entirely or largely to a single satellite-DNA family (Bigot et al. 1990 ). Several clones of each family were obtained and sequenced. Sequence analyses revealed the presence of palindromes in each consensus sequenced, suggesting the formation, in vivo, of hairpin structures. These structures may play the same role as methylated cytosine does in heterochromatin condensation in mammals (Davie and Delcuve 1988; Pages and Roizes 1988) . In both species, the ancestral motifs were determined from the consensus sequences, and plausible scenarios were presented for the evolution of the two satellite DNAs. In D. pulchellus, the 324-bp TaqI unit would originate from a 20-bp motif (TGCAAAACGCTGCTTTTCGC ) duplicated during evolution, which, either by molecular divergence and selection or by molecular drive, gave rise to a larger, 160-bp motif. This intermediate motif gave rise to the present 324-bp monomer. In E. vuilleti, the 107-bp consensus sequence would have originated from a dodecamer of the 7-bp motif ( ACCAGGT), containing an insertion of -29 bp at position 3 in most of the monomeric units. This insert has invaded the whole satellite DNA by either selection and conversion or molecular drive. The occurrence of only one satellite DNA in each species may indicate that, in male haploid systems, such families persist for a shorter time than is necessary for the occurrence of new satellite-DNA sequences.
The present study shows that the genomes of two species, D. collaris and E. orientalis, each contain a unique satellite-DNA family. The relationships of these satellite-DNA families with those of the closely related species D. pulchellus and E. vuilleti have been determined, and plausible scenarios for common evolution in each genus are presented. The evolutionary rate of the Hymenoptera satellite DNA is discussed, along with structural features of other invertebrate satellite DNAs. The distribution of nucleotide variations and nucleotide compositions is analyzed in terms of conservation or increased capacity for the satellite-DNA unit to adopt secondary DNA structures.
Material and Methods Material
Diadromus pulchellus and D. collaris are nymphal endoparasitoids of the leek moth, Acrolepiopsis assectella (Lepidoptera) , which infests Allium species. The Diadromus species are closely related but easily discriminated at the morphological level.
Eupelmus vuilleti and E. orientalis are larval ectoparasitoids of several species of pea beetle (Bruchidae; Coleoptera) that infest several species of the family Phaseolinae.
The Eupelmus species are very closely related, and only females can be discriminated Satellite DNA in Parasitoid Wasps 385 at the morphological level. The four wasps were bred en masse under standard conditions for Diadromus species (Rojas-Rousse 1977) and A. assectella ( Arnault 1979 ( Arnault , 1982 and for Eupelmus species and their host Callosobruchus maculatus 86 ) .
DNA Isolation
DNA was isolated from l -5-d-old imagos ( -5,000-10,000 insects) by the method of Junakovic et al. ( 1984) . The extracts were treated with pancreatic RNAse A ( DNAse free). Traces of ribonucleic acids and phenol were eliminated by chromatography on hydroxylapatite in sodium phosphate buffer pH 7 (Nap) at 60°C or by ultracentrifugation on 1.60 g/cmv3 cesium chloride in the presence of ethidium bromide (EB). The resulting DNA was then dialyzed and precipitated with absolute ethanol. The pellet was washed with 70% ethanol, resuspended in sterile water, and stored at 4°C.
Restriction Digests, Gels, and Southern Blots
The satellite DNAs of D. collaris and E. orientalis were searched for orderly ladders of multimeric repeated units by agarose gel and Southern blot analyses using genomic DNA as probe. Twenty-five restriction enzymes were used: AccI AluI, AsnI, AvaI, AvaII, BamHI, BglII, ClaI, DdeI, DraI, EcoRI, EcoRV, HaeIII, HpaII, HindIII, HinjI, KpnI, PstI, PvuII, RsaI, Sau3A, SmaI, SacI, TaqI, and XhoI (Boehringer Mannheim) . Complete digestions were performed for 4 h at 37°C with 10 units of enzyme / ug of DNA, in the conditions described by the supplier. Standard conditions were used for gel electrophoresis, and Southern blots were performed in 0.4 N sodium hydroxide on Hybond N+ (Amersham) .
Purification of DNA Fragments
The fragments of genomic DNA produced by each restriction enzyme were separated on Sigma type IX agarose gels and stained with EB. The DNA fragments were eluted using a Quiagen Kit, and the concentration of each was estimated on agarose gels.
Probes and Hybridization
Satellite-DNA fragments, containing equal quantities of monomers and dimers, and total genomic DNA were labeled with dATPa32P ( Amersham) by primer extension using Klenow fragments of Escherichia coli (Boehringer Mannheim) and were used as probes. Hybridizations were performed in 0.75 M NaCl, 0.075 M trisodium citrate (5 X SSC), 0.2% bovine serum albumin, 0.2% polyvinylpyrrolidone, 0.1% lauryl sulfate (SDS) overnight at 65°C. The final washing was done with 0.1% SDS at 65"C, and salt stringency varied to account for both GC content and sequence variability within and between species.
Cloning, Sequencing, and Alignment ' Monomeric fragments were cloned with the phage vector M 13mp 18 (Norrander et al. 1983; Perbal 1984, pp. 44 l-459) and were sequenced by the Sanger method with a Sequenase 2 kit (United States Biochemical) and dATPa35S (Amersham). Each satellite-DNA monomer was sequenced on one strand on buffer gradient gels (25 cm X 45 cm) (Biggin et al. 1983 ) for nucleotides l-350 and with 5% Hydrolink long-ranger (A T Biochem) gels (25 cm X 85 cm) for nucleotides 300-750, in the conditions described by the supplier. Sequences were analyzed with citi2 programs and minor bases are in lowercase letters. s = G or C; w = A or T; k = T or G; and n = A, C, G, or T. In the D. collaris consensus sequence, the underlined and double-underlined parts correspond to a tandemrepeated 160-bp region, and the italic part corresponds to a 169-bp insertion. In E. orientalis, the underlined nucleotide regions' monomers correspond to the KpnI sites used for cloning of E. vuilleti satellite-DNA monomers, and the italic region corresponds to an insertion of -29 bp.
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GAC-GTAACACC-ATCTAtGAGGAgG---CGCACCAGATACE AcTGtAATTaCCGAAcAatcgCGAAAc-TtC GAC-GTAACACC-ATCTACGAGGgAt----~CACCAcGTAC~GAc~~TTaCCG~TtaCCG~-TtC GAC-GTAACACC-ATCTACGAGGAAG----cGCAaCAGaTAC~A-~t~~aCCGA---------~--TCa

Dot Blot Estimation
of the Proportion of Satellite DNA in the Genome Dot blots of both total genomic DNA and isolated clones of monomers were performed on Hybond NS. The concentration of genomic DNA was determined by assuming that 1A 260 = 50 mg/ml. Both hybridization with monomeric satellite-DNA probes and final washing were done under the same conditions as for Southern blots. Hybridized DNA was estimated by liquid scintillation counting. Proportions of satellite DNA in genomes were estimated by comparing hybridization of genomic DNA and different plasmids containing one cloned monomer. Results
Detection of Satellite DNA in Diadromus collaris and Eupelmus orientalis
Orderly ladders of multimeric repeat units were detected in genomic DNA digested by different restriction enzymes, first on agarose gels stained with EB and then on Southern blots of the gels probed with total genomic probes. This protocol is identical to the one used to detect the satellite DNAs of Diadromus pulchellus and Eupelmus vuilleti sibling species (Bigot et al. 1990 ).
Ladder patterns were clearly detected in D. collaris, both with BgZII, CZaI, and DraI on agarose gels and, at a lower intensity on Southern blots, with AccI, AM, AvaI, BamHI, BglII, ClaI, DraI, EcoRI, EcoRV, HaeIII, HpaII, PstI, PvuII, RsaI, and SacI.
The BgZII enzyme defined a repeat unit of -5 12 bp. The uniqueness of the BgZII satellite-DNA family was tested on Southern blots of genomic DNA first digested with all positive restriction enzymes for the ladder pattern and then probed with BglII monomer or total genomic DNA. The same ladder patterns were obtained with both probes. This single satellite DNA accounted for -5% of the genome, in both sexes. No similarities, even under low-stringency conditions of hybridization (5 X SSC, 65°C) and final washing ( 3 X SSC, 65 "C) , were found when Southern blots of each Diadromus genomic DNA were tested with the satellite DNA of the sibling species. In a second step, systematic comparisons of the six sequenced monomers of This result suggests that the unique satellite-DNA families present in D. collaris and D. pulchellus have a common origin. In the ancestral Diadromus species, the satellite DNA would therefore have originated from a 20-bp motif ( TGCTTTTCGCTGCAAAACGC ) duplicated during evolution. These duplicated sequences expanded to a larger, 160-bp motif (Bigot et al. 1990 ). The 160-bp motif then gave rise to the present 324-bp monomer, after which the ancestral species divided into two species. The 5 12-bp unit in D. collaris could be due to insertion of a 169-bp fragment between the 160-bp motifs, which have expanded to the current 168-bp motif. Moreover, the 169-bp insertion would have invaded the whole satellite DNA by either selection and conversion or molecular drive. The presence of a putative dyad DNA structure with stable thermodynamic features may provide a positive selective value for this insertion.
In this scenario, starting from the TGCTTTTCGCTGCAAAACGC ancestral motif with 50% GC, the current satellite DNAs have 47% GC in D. pulchellus and 35.7% GC in D. collaris. The enrichment of satellite DNA in AT would seem then to reflect differential conservation of the point mutations between these two Diadromus species. GGTTGGCAGACGA-CGTCAGACTGATGTTCATCGTCCAGTG~TTACCCGACA~ATCT ** ** * * * * ** *** ******* * ****** * **** * ** ATTTATTTGAAAAgCATATTTTCAC-GATTTTCATCGACTTGTG~TCAGCCG~T~   120  130  140  150  160  170   10  20  30  40  50  60 TTTTTTTTGC-CACAACCATCCTATCTGCTGTATATT-CTCCACAG~TACAATGAGC~C ** *** * ** ********* ** ***** ** ** * * **** ****** * * TTwTTTGATCTCAAAACCATCCTCCCTTGTGTATTTTTGTCTAT~~T~ATGAGTACC   180  190  200  210  220  230   70  80  90  100  110 AnAGTGTTCCAGTAACTCGATCGGAAATTTAAAsAATTCGAGA-TCAAAGCC * * ** * ****** ***** * **** ** * *** * TAACTTTTTGCCGACCTCGAT-GGAAAGCCGAGATATTCATGATTGAAAATC In addition, the average intermonomeric DNA sequence divergences within ( 13.9% and 15.1% ) and between ( 15% ) species are essentially the same. This points to the common origin of the unique satellite DNAs present in these sibling species, but it raises the question of the distinction of these species, at the satellite-DNA level as at the morphological level. We then analyzed the variability in these satellite DNAs,
with 12 E. orientalis monomers and 12 E. vuilleti monomers, by the bootstrap method or by consensus trees using parsimony. This method provides clear discrimination of the sequences according to their origin, except for the Eo8 monomer ( fig. 7) .
The distribution of nucleotide conservation by position was analyzed in both Eupelmus species. In E. vuilleti, nucleotide conservation was essentially the same in the insertional region (84.6% + 1.6%) and in the rest of the repeated unit (83.2% _+ 1.6% ). In contrast, the distribution of nucleotide conservation in E. orientalis was significantly different (77.2% f 2.8% at the insertional region and 90.5 * 1.3% for the rest of the sequence). The insertional region of the E. orientalis unit shows less nucleotide conservation. The sequence conservation of the insertion (77.1% + 4.3%), between Eupelmus species, is also different from that of the rest of the sequence unit (89.2% f 1%). This is illustrated by the comparison of the consensus sequences of the two Eupelmus species ( fig. 8) ) which shows that all the differences are in the insertional region. This region appears, then, to contain most of the nucleotide variability. Thus, structural features (proportion in genome, distribution, and extent of insertion in monomer), TATTGAC-GATAAAATTTTATCAGTTACATCGGGTGGTGATGG-**x**x* ** ******** * ** ****** * ***** * * **** ****
TATTGACCGA-AAAATTTT-T-AG--ACATCGAATTC-GATATC
390 400 410 420
TAGTCATTCGAATTCGATGT--CT--AAAAATTTT-TCGGTCAATA * * **** ****** ** ******** *** ****** as well as molecular characteristics (distribution of sequence conservation, both in the insertion and in the rest of monomer), discriminate between the two Eupelmus species.
Discussion
The satellite-DNA TA-TTCTCCACA----GAAT-ACAATGAGCAACAnAGTGT ** **** ** * * ** *** ** * * ** *** **** * ** ATTTAAAsAATTCGAGATCl-GCCATTTATTTGAAAA-GC-A-TATTTTCACGATTTT **** **** * *** ** **** ***** ** * ** * ****** structural difference between the satellite DNAs of the two Diadromus species is the length of repeated units, which is due to the 169-bp insertion in the D. collaris unit. Analysis of the sequence conservation by position in the two Eupelmus species shows that the region accumulating the most divergence is located in and around the 29-bp insertion, especially between regions 13-17 and 22-3 1 of the consensus sequences. These insertions, either by their sequence divergence or by their presence or absence in satellite-DNA units of sibling species, appear, therefore, as a practical marker between the two species. However, they have been conserved during evolution, either by lack of time for divergence by random drift or by selective forces. We propose a plausible role for their maintenance in this last case. The satellite DNAs in D. collaris and D. pulchellus contain 69% and 53% AT respectively, and those in the two Eupelmus species contain -5 1% AT. One scenario for the evolution of satellite DNA in the Diadromus genus suggests that one 324-bp and one 5 12-bp unit are derived from a unique 20-bp motif ( TGCTTTTCGCTGCAAAACGC ) . This duplicated motif originally generated a 50%-AT-rich sequence. Similarly, the duplicated ancestral motif ( ACCAGGT) generated a 43%-AT-rich sequence in the Eupelmus genus. The satellite sequences then tend to become enriched in AT, during evolution. A similar trend has also been observed in T. molitor (Ugarkovic et al. 1989) . As already described for other satellite DNAs ( Martinez-Balbas et al. 1990 )) the adenine residues in satellite DNA of the Diadromus genus tend to be clustered in groups of three or more, throughout the repeats, while A tracts are mainly clustered in the region of the 29-bp insertion in Eupelmus.
TAGCTCTCTTCATTTGGTGTAACTATG--CATG--CAACCCGATCCCGAG
CTTTA--TAATTGCTGGGACGCGTTTTAGGCGAAAACGCGAGTACGGT--CGATTTG
The D. pulchellus have numerous AT tracts, which tend to induce DNA curvature (Dieckmann 1987) . In D. collaris, the 5 12-bp sequence unit also has numerous (i.e., 26) AT tracts (3-5 bp) in the consensus sequence, but the 169-bp insertion contains only five of these tracts. Nevertheless, this insertion contains a large conserved inverted repeat and may adopt a secondary dyad structure. We previously suggested that the presence of specific dyad structures distributed along the sequence of insect satellite DNA could play the same role as methylation signals do in the H 1 -histone in vertebrates (Davie and Delcuve 1988; Pages and Roizes 1988) .
In summary, the presence of the two types of insertion may be related to a role in forming the structure of the DNA in which they lie. The distribution and conser- vation of the 29.bp insertion in the satellite DNA of Eupelmus genera seem to enrich the monomeric unit in bend centers, and the 169-bp insertion in D. collaris seems to enrich the monomeric unit in a region potentially adopting dyad structures. We therefore predict that the maintenance of insertions in satellite DNA requires that they possess structural constraints similar to those pertaining to the rest of the satellite-DNA sequence. In this case, they might be maintained as a normal component of this DNA. However, if they carry any advantage for the configuration of the heterochromatic DNA, they might then be selected and eventually become a new starting motif for the appearance of a new satellite-DNA subfamily in a genome. Some inser- 100 ACTGATTGAAATTACCGATnGCCG~TCCCTGTAGGATGTCCAGGTGTCAGGATGACCCCCAGGTC ** l ******t** * ***** *t****************************************~~~~ The asterisks tions might be conserved and might invade all satellite DNA during evolution, because of the advantages resulting from their structure. However, the possibility that the structures may simply favor their expansion in the genome (e.g., by inducing biased gene conversion) may not be excluded at the moment.
Sequence Availability
The DNA sequences have been deposited, in oligomeric form, in EMBL under accession numbers X64430, for Eupelmus orientalis; X6643 1, for Diadromus collaris; X66432, for E. vuilleti; and X66433, for D. pulchellus.
